Abstract--Smectite single crystals of superior quality were synthesized at high pressures and temperatures using a modified belt type high pressure apparatus. Pressure--temperature conditions were established for smectite formation by quenching experiments in the pressure range from 2-5.5 GPa and temperatures of 700"-1000"(2. Smectite crystals with extraordinary quality were formed beyond 3 GPa and 1000*C with coexisting phases of coesite, kyanite, jadeite, and in some cases with mica and glass. Smectite was confirmed from the XRD taken after intercalation of ethylene glycol. The smectite crystals were considered to be quenched crystals metastably from the hydrous silicate melts formed at high pressures and temperatures.
INTRODUCTION
Smectite naturally occurring due to weathering, diagenesis and hydrothermal alteration, is considered to be formed at low pressure and temperatures less than about 200~ (Pytte and Reynolds 1989; Tucker 1991) . Syntheses of smectite were performed at low pressure and low temperature (Giiven 1988 ). All such smectites were an aggregate of fine and poorly ordered particles of smectite. No single crystal ofsmectite has been either synthesized in laboratory or found in nature.
Recently smectite crystals with high structural ordering and large dimensions were synthesized at an extraordinary high-pressure and high-temperature condition (e.g., 5.5 GPa at 1500~ (Nakazawa et al 1992) . The magnitude of this pressure and temperature are comparable to those of the earth's mantle and to those of the syntheses of artificial diamond. The smecrite crystals were formed with coexisting high-pressure minerals (coesite, kyanite and jadeite). The 001 diffraction peaks of the smectite crystals, 12.3 ,g,, were very sharp and expanded to 16.7/~ after ethylene glycolation. The full width at half maximum intensity of the 001 reflection was about 0.35 ~ and was less than 89 of those of common smectites. A transmission electron micrograph showed the size of the smectite crystal to be more than a few 10 urn. The selected electron diffraction patterns indicated that the large smectite crystals were single crystals,
In the present paper, the formation conditions of the smectite crystals are investigated at very high-pressures and high-temperatures by using a modified belt type high-pressure and high-temperature apparatus. The pressure and temperature ranges of smectite formation were also determined.
Copyright 9 1994, The Clay Minerals Society EXPERIMENTAI~ Two different starting materials were used for the high-pressure and high-temperature experiments. One of them was the same as the glass used in the previous study (Nakazawa et al 1992) . A mixture of Na2CO3, MgO, A1203 and SiO2 in the stoichiometric composition of a dehydrated Na-montmorillonite was fused using an infrared focusing-image furnace and quenched into water. The chemical composition of the quenched glass was determined to be Nao.87Mgo.67A13.2LSi8.o8022
by an electron microprobe analyzer (SHIMADZU, EPMA SM-7). The composition was slightly richer in Na:O and SiO2 compared with the ideal Na-montmorillonite. The glass was pulverized in an alumina mortar with water and was fractionated to be < 20 gm by hydraulic elutriation. The other one was a synthetic Na-montmorillonite prepared by hydrothermal treatment 0ramada et al 1991). A mixture of glass of the same composition as above and distilled water in the ratio of 1:1 by weight was sealed in a Au-tube, and then treated at 100 MPa, 325~ for 10 days in a rapid quench type hydrothermal apparatus (Yamada et al 1988) .
High-pressure and high-temperature experiments were carried out with a modified belt type high-pressure apparatus with a bore diameter of 32 mm (Yamaoka et al 1992) . The generated pressure was calibrated at room temperature against the known pressure-induced phase transition of Bi, T1 and Ba. Sample temperature was monitored by the relation between the input electric power and the temperature, which had been calibrated in advance by using Pt6%Rh-Pt30%Rh thermocouple. It took about 10 minutes for the sample to reach a desired temperature after input power reached the desired value be- capsule (6.0 mm in outer diameter, 0.25 in thickness and about 10 mm in length) with distilled water, where the water/solid ratio was 1/3 by weight. After keeping the sample at desired pressure and temperature for a certain duration, the sample was quenched by shutting off the electric power supply. The pressure was then released slowly and the product was recovered at ambient conditions. The run products were examined by an X-ray powder diffraction (XRD) method. A portion of run product was crushed and then mounted on a zero background quartz plate without compression to avoid the influence of preferred orientation. The XRD patterns were used for the identification of mineral products. Although smectite was found in the preliminary XRD patterns, it was confirmed by XRD patterns of ethylene glycolated samples which were prepared by orienting the run products of glass slides with water placing them in a container with ethylene glycol, and heating overnight in an oven at 60~
RESULTS

Phases identified in the samples treated at very high-pressure and high-temperature
Phases identified in the samples of the present experiments are summarized in Table 1 and shown in a P-T diagram (Figure 2 G: quenched glass, S: synthetic smectite at hydrothermal conditions. 2 Sm: smectite crystal with high crystallinity, C: coesite, IC Kyanite, J: jadeite, CEn: clinoenstatite, Ch: chlorite, M: Mica (or illite), Qz: quartz, Low-S: low-temperature smectite with low crystallinity which is as same as that of natural smectite, V: vermiculite, Cor: corundum, G: quenched glass, UI: unidentified phase with a weak reflection at 4.0 A, U2: unidentified phase with a very weak reflection at 3.6 A, U3: unidentified phase with a very weak reflection at 4.6 A, W: free water, the number in the parentheses indicates the value in pH. nd: not determined.
basal spacing of the smectite expanded from 12.3 A to 16.7 ~ after ethylene glycol treatment. The 001 reflection was very sharp, less than 1/3 of those of natural smectite (Brindley 1984) , and was comparable to those of coexisting high-pressure minerals (Figures 3 and 4) . The X-ray profile indicates that the formed smectite has dimensions comparable to typical three-dimensional crystals.
At 5.5 GPa and above 1000~ the proportion of the smectite crystals in a run product increased with the increase in temperature. Above 1400~ smectite crystals and coesite were dominant phases, and kyanite and jadeite were minor phases (Figure 3) . They coexisted with free water (pH ~ 14). At 1000~ the smectite was a minor phase and coexisted with a large amount of coesite and a small amount of kyanite and jadeite. Below 1000~ no smectite crystal was formed. Mineral phases appeared were coesite, kyanite, jadeite, clino- pyroxene, chlorite, an unknown phase having a diffraction peak at 3.66 ~ and free water (pH ~ 14).
At 4 GPa and above 1000~ the amount ofsmectite increased with the increase in temperature and coexisted with glass. Above 1200~ the smectite crystals appeared dominant, coexisting with kyanite, coesite, glass, and free water (the pH was not measured because of small amount). At 1000~ coesite was dominant and smectite, kyanite, jadeite, and free water were observed in small amounts. Below 1000~ no smectite was formed and coesite was the main phase coexisting with kyanite, jadeite, an unknown phase having a diffraction peak at 3.66 ~, and free water (pH ~ 14).
At 3 GPa and above 1000~ the same results as for 4 GPa and above 1000~ were observed for the amount of the smectite crystals and glass, but the pH of the coexisting water decreased to 8 ~ 9 (Figure 4) . At 2GPa, the smectite was not formed in the entire range of temperature examined. Above 1000~ the common smectite coexisted with corundum, glass and/ or kyanite. Mineral phases observed at 700~ 800~ and 900~ are listed in Table 1 .
Isothermal experiments at 5.5 GPa
The phases obtained in the isostatic experiments at the pressure of 5.5 GPa are listed in Table 2 corresponding to every selected temperature and run duration. No systematic variations were observed in the phases appeared and in the contents of the smectite crystal, which was estimated semiquantitatively from the integrated intensity of 001 reflection. Because the thermal equilibrium of the sample space in the high- 
DISCUSSION
Some melting experiments have been conducted with silicates of similar composition to the present material at high-pressure and high-temperature under watersaturated condition (Robertson and Wyllie 1971; Kushiro 1972; Green 1973; Wyllie 1979) . Those studies focused on magma genesis. They indicated that the melting temperature of such silicates was almost 1000~ in the pressure range presently applied. Although the determination of liquidus temperature was not the purpose of the present study, the presence of glass in the run products at 2 to 4 GPa and above 1000~ suggested that the liquidus temperature of the present material is also about 1000~ and is comparable to that of the previous studies.
As described above, the samples were treated at highpressures and temperatures for the desired durations, and were quenched by shutting off electric power supply. Because the smectite crystals were found only in those experiments treated above 1000~ (Figure 2) , they are probably not formed in an equilibrium state but during the quenching process from the hydrous melt (Burnham 1974 (Burnham , 1975 . This interpretation is consistent with the observations that the formation of the smectite crystals at the lower limits of pressure and temperature and the yield was dependent only on the temperature from which the sample was quenched, and G: quenched glass. 2 Sm: smectite crystal with high crystallinity, C: coesite, K: Kyanite, J: jadeite, W: free water, the number in the parentheses indicates the value in pH, nd: not determined. independent of the run duration at that particular temperature.
In previous melting experiments, some phyllosilicares, mica and chlorite, were also formed as quenched crystals, but not smectite (Kushiro 1972; Green 1973) . This is probably due to the difference in the chemical compositions of the starting materials and thus the hydrous melts. The present one is richer in silica compared with those previously examined. Furthermore any slight difference in quenching process, which is affected largely by the design of the high pressure apparatus used, is another reason for smectite formation, because the kinetics of the smectite formation are dependent considerably on the quenching process.
As is shown in Figure 2 , there is a lower pressure limit for the formation ofsmectite crystals. The reason why more than 3 GPa is necessary cannot be easily explained. But some previous reports on the viscosities of melts of silicates and natural igneous rocks at high pressures and high temperatures suggest the possible reason. A remarkable decrease in the viscosity of the melt was observed around 1 GPa (Kushiro 1976; Kushiro et al 1976) and the presence of water in the melt enhanced the viscosity drop . This phenomenon was first speculated as due to a structure change of the melt: the coordination polyhedra of Al in the melt changes partially from tetrahedral to octahedral at that pressure. But recent studies found in the quenched glass of K2Si409 the existence of fivefold coordination of silicon (Si v) (Stebbins and McMillan 1989; Stebbins 1991) and an increase of Si v with pressure (Xue et al 1991) . The decrease of viscosity of silicate melts with pressure is explained by the increase ofSi v (Kanzaki 1992) . Although the chemical composition of the melt presently examined is not same as those described above, there are no large differences in the melt structure of similar silicates, and thus pressure dependence of viscosity can be considered. The lower limit of pressure for the formation of the smectite crystals corresponds probably to the dras-tic changes of viscosity and structure of silicate melt at around 2 GPa. If this interpretation is completely true, it is reasonable that the formation of the smectite crystals as metastably quenched crystals may be affected strongly by the different melt structures above and below 3 GPa.
